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(57) ABSTRACT

A system (100) and method can monitor a reflectance of a
mirror target that includes at least one curved mirror (M).
The system (100) can take a first irradiance measurement of
the sun (S), the first 1irradiance measurement representing a
direct solar irradiance. The system (100) can take a second
irradiance measurement that represents an 1rradiance from a
reflection of the sun (S) from the mirror target plus back-
ground irradiance from a reflection of the sky from the
mirror target. The system (100) can take a third irradiance
measurement that represents the background irradiance from
the reflection of the sky from the mirror target. The system
(100) can determine a reflectance of the mirror target from
the first, second, and third irradiance measurements. The
system (100) can compare the reflectance to a specified
reflectance threshold, and, upon determining that the reflec-
tance of the mirror target 1s less than the specified reflectance
threshold, can generate an alert signal.
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MONITORING MIRROR REFLECTANCE
USING SOLAR ILLUMINATION

This application 1s a U.S. National Stage Filing under 35
U.S.C. 371 from International Application No. PCT/

US2019/033463, filed May 22, 2019, and published in

English as WO 2020/236165 on Nov. 26, 2020, which 1s
incorporated herein by reference 1n 1ts entirety.

TECHNICAL FIELD

The present disclosure relates generally to monitoring a
reflectance of one or more mirrors.

BACKGROUND

There are applications for which it 1s important to monitor
a retlectance of a mirror or an array ol mirrors referred to as
a mirror target. For example, in some solar energy and
remote sensing applications, a mirror or an array of mirrors
can be located outdoors. Being positioned outdoors can
degrade the mirror or mirrors over time, such as through
solarization, non-uniform age degradation, and soiling. To
ensure proper performance in these systems, 1t 1s beneficial
to monitor a retlectance of the mirror or mirrors.

SUMMARY

In one example, a method for monitoring a retlectance of
a mirror target that includes at least one curved mirror can
include: obtaining a {irst irrradiance measurement of the sun,
the first wrradiance measurement representing a direct solar
irradiance; obtaining a second 1rradiance measurement that
represents an wrradiance from a reflection of the sun from the
mirror target plus background irradiance; obtaining a third
irradiance measurement that represents the background irra-
diance; determining a retlectance of the mirror target from
the first, second, and third irradiance measurements; deter-
mimng that the retlectance of the mirror target 1s less than a
specified reflectance threshold; and in response to the deter-
mination that the reflectance of the mirror target 1s less than
the specified reflectance threshold, generating an alert sig-
nal.

In another example, a system to measure a reflectance of
a mirror target that includes at least one curved mirror can
include: an 1rradiance spectrometer; a spectrometer actuator
configured to control an orientation of the irradiance spec-
trometer; at least one processor to control the irradiance
spectrometer and the spectrometer actuator, the at least one
processor configured to: point foreoptics of the irradiance
spectrometer directly at the sun such that the sun 1s within
a field of view of the wrradiance spectrometer; with the
toreoptics of the 1rradiance spectrometer pointed directly at
the sun while the sun 1s within the field of view of the
irradiance spectrometer, obtain a first irradiance measure-
ment with the irradiance spectrometer; point the foreoptics
of the wrradiance spectrometer directly at the mirror target
such that a reflection of the sun from the mirror target 1s
within the field of view of the irradiance spectrometer; with
the foreoptics of the irradiance spectrometer pointed directly
at the mirror target while the retlection of the sun from the
mirror target 1s within the field of view of the irradiance
spectrometer; obtain a second 1rradiance measurement with
the 1irradiance spectrometer; removing the reflection of the
sun from the field of view of the irradiance spectrometer;
with the foreoptics of the irradiance spectrometer pointed
directly at the mirror target while the reflection of the sun 1s
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removed from the field of view of the 1rradiance spectrom-
eter, obtain a third irradiance measurement with the irradi-
ance spectrometer; and determine a reflectance of the mirror
target from the first; second, and third irradiance measure-
ments.

In another example, a method for measuring a reflectance
ol a mirror target that includes at least one curved mirror can
include: pointing foreoptics of an irradiance spectrometer
directly at the sun such that the sun 1s within a field of view
of the 1rradiance spectrometer; with the foreoptics of the
irradiance spectrometer pointed directly at the sun while the
sun 1s within the field of view of the 1rradiance spectrometer,
taking a first irradiance measurement with the irradiance
spectrometer, the first 1rradiance measurement representing
a direct solar irradiance; pointing the foreoptics of the
irradiance spectrometer directly at the mirror target such that
a reflection of the sun from the mirror target 1s within the
field of view of the 1rradiance spectrometer; with the fore-
optics of the irradiance spectrometer pointed directly at the
mirror target while the reflection of the sun from the mirror
target 1s within the field of view of the irradiance spectrom-
cter, taking a second 1rradiance measurement with the irra-
diance spectrometer, the second irradiance measurement
representing an irradiance from a reflection of the sun from
the mirror target plus background irradiance from a reflec-
tion of the sky from the mirror target; removing the reflec-
tion of the sun from the field of view of the irradiance
spectrometer; with the foreoptics of the irradiance spectrom-
cter pointed directly at the mirror target while the reflection
of the sun 1s removed from the field of view of the 1rradiance
spectrometer, taking a third 1rradiance measurement with the
irradiance spectrometer, the third wrradiance measurement
representing the background irradiance from the reflection
of the sky from the mirror target; and determining, with at
least one processor coupled to the irradiance spectrometer, a
reflectance of the mirror target from the first, second, and
third 1rradiance measurements; determiming, with the at least
one processor, that the retlectance of the mirror target 1s less
than a specified reflectance threshold; and in response to the
determination that the reflectance of the mirror target 1s less
than the specified retlectance threshold, automatically gen-
erating an alert signal.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 shows an example of a system to measure a
reflectance of a mirror target (M) that includes at least one
curved mirror, 1n accordance with some embodiments.

FIG. 2 shows an example of a method for monitoring a
reflectance of a mirror target that includes at least one curved
mirror, 1n accordance with some embodiments.

FIG. 3 shows an example of extrapolation used to deter-
mine the background irradiance, 1n accordance with some
examples.

FIG. 4 shows a plot of an experimentally measured
reflectance spectrum, accordance with some embodiments.

DETAILED DESCRIPTION

A system and method can monitor a reflectance of a
mirror target that includes at least one curved mirror. The
system can take a first irradiance measurement of the sun,
the first irradiance measurement representing a direct solar
irradiance. The system can take a second irradiance mea-
surement that represents an irradiance from a reflection of
the sun from the mirror target plus background irradiance
from a reflection of the sky from the mirror target. The
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system can take a third irradiance measurement that repre-
sents the background irradiance from the reflection of the
sky from the mirror target. The system can determine a
reflectance of the mirror target from the first, second, and
third irradiance measurements. The system can compare the
reflectance to a specified reflectance threshold, and, upon
determining that the reflectance of the mirror target 1s less
than the specified reflectance threshold, can generate an alert
signal.

The calculations can be performed using knowledge that
the mirror or mirrors are curved. Such curved mirrors can
reflect the sun to produce an image of the sun. The 1image can
be virtual or real. The radius of curvature of the mirror or
mirrors 1s known, so that the image of the sun can be located
with respect to the mirror location. The calculations dis-
cussed 1n detail below are based on the assumption that that
light propagates away from the image of the sun according
to radiometric principles (e.g., that for the purposes of the
calculations, the image of the sun can be approximated as a
point source of light).

Basing a retlectance measurement on the assumption that
that light propagates away from the image of the sun
according to radiometric principles can have advantages
over some other measurement techniques.

For example, as a first advantage, compared to a mea-
surement technique 1 which a mirror reflectance 1s mea-
sured over a relatively small area of a mirror, the measure-
ment technique discussed below can measure a performance
of a full area or a relatively large area of the mirror. This can
account for area-to-area variations in retlectance that may
not be addressed by the small-area techmque.

As another example, as a second advantage, compared to
a measurement techmque in which mirror reflectance 1is
measured using discrete wavelengths, such as generated
from artificial light sources, such as laser diodes or light
emitting diodes, the measurement technique discussed
below can use solar i1llumination to measure a retlectance
over a full (e.g. continuous) wavelength range, rather than at
one or more discrete wavelengths. This can provide a more
accurate representation of mirror performance than the dis-
crete case.

FIG. 1 shows an example of a system 100 to measure a
reflectance of a mirror target (M) that includes at least one
curved mirror, 1n accordance with some embodiments. The
mirror target (M) 1s not part of the system 100. The system
100 of FIG. 1 1s but one example of a system that can
measure the retlectance of a mirror target (M); other systems
can also be used.

The system 100 can include an irradiance spectrometer
102, which can measure the irradiance of a light source, as
a function of wavelength. Irradiance represents a radiant flux
(e.g., power) received by a surface per unit area, and has
units of power per area; such as watts per square meter in
international System of Units (SI) units. Irradiance, as a
function of wavelength, can have units of radiant flux per
unit area, per wavelength. Other suitable units can also be
used.

The 1rradiance spectrometer 102 can include foreoptics
104, which can be positioned to collect light within a
specified angular field of view, from a specified direction.
The foreoptics 104 can include an elongated housing 106.
The foreoptics 104 can include an input aperture 108 posi-
tioned at or near one end of the housing 106. The input
aperture 108 can optionally be controllable in diameter, to
adjust a field of view of the wrradiance spectrometer 102.
Reducing the field of view can help reduce background 1nput
into the foreoptics 104 and may additionally reduce stray
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light. The foreoptics 104 can include a diffuse transmittance
cosine receptor 110, which can receive light that propagates
through the input aperture 108 and along the elongated
housing 106. The diffuse transmittance cosine receptor 110
can couple the received light into an optical fiber 112. The
optical fiber 112 can be tlexible, and can optionally exit the
foreoptics 104 through a longitudinal end of the housing
106; at the end opposite the mput aperture 108. The optical
fiber 112 can direct the received light to a detector portion
114 of the 1rradiance spectrometer 102. The detector portion
114 can be located separate from the foreoptics 104. In some
examples, the detector portion 114 can remain stationary as
the foreoptics 104 1s positioned and repositioned. The detec-
tor portion 114 can include one or more sensors that can
convert the received light into an electrical signal suitable
for processing downstream. This 1s just one example of a
configuration of foreoptics 104 for an 1rradiance spectroms-
cter 102; other configurations can also be used.

A spectrometer actuator 116 can control an orientation of
the 1rradiance spectrometer 102. For example, the spectrom-
cter actuator 116 can position the spectrometer actuator 116
to point the foreoptics 104 at a specified object. In some
examples, the specified object can be stationary, such as a
mirror target (M). In other examples, the specified object can
be moving, such as the sun. The spectrometer actuator 116
can be coupled to a processor 118 that can specily a
particular position, such as the sun (S) at a specified time of
day. As a specific example, the processor 118 can optionally
account for variation 1n the sun’s position in the sky over the
course of a year, and can perform tracking suitable for
pointing the foreoptics 104 at the sun (S) at roughly the same
time every day.

At least one processor 118 can control the irradiance
spectrometer 102 and the spectrometer actuator 116. In some
examples, the at least one TO processor 118 can be referred
to as a spectrometer controller. In some examples, the
system 100 can include processing circuitry, which can
include one or more processors 118, and memory 120,
including instructions that, when executed by the processing
circuitry, cause the processing circuitry to perform particular
operations. In some examples, the system 100 can include a
computer-readable storage medium 122 storing instructions
that, when executed by processing circuitry, cause the pro-
cessing circuitry to perform particular operations.

The at least one processor 118 can perform controlling
tasks, such as driving the spectrometer actuator 116 to one
or more specified positions. The at least one processor 118
can perform collection tasks, such as processing signals
from the 1rradiance spectrometer 102 to form specified
irradiance measurements. The at least one processor 118 can
perform analyzing tasks, such as combining the irradiance
measurements to determine a value of reflectance. The at
least one processor 118 can perform scheduling tasks, such
as repeating the irradiance measurements regularly, such as
daily or weekly, or wrregularly according to a specified
pattern.

In some examples, the at least one processor 118 can
include a single processor that performs all of the above
tasks. In other examples, the at least one processor 118 can
include multiple processors, 1n a same location or optionally
in different locations. For examples that use multiple pro-
cessors, two processors can perform two diflerent tasks from
those listed above.

To measure the reflectance of the mirror target (M), the
system can perform the following tasks.

The at least one processor 118 can point the foreoptics 104
of the 1rradiance spectrometer 102 directly at the sun (S)
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such that the sun (S) 1s within a field of view of the
irradiance spectrometer 102. With the foreoptics 104 of the
irradiance spectrometer 102 pointed directly at the sun (S)
while the sun (S) 1s within the field of view of the 1rradiance
spectrometer 102, the system 100 can obtain a first irradi-
ance measurement with the irradiance spectrometer 102. In
some examples, obtaining the first irrradiance measurement
can include taking the first irradiance measurement of the
sun (S). The first irradiance measurement can represent a
direct solar irradiance.

The at least one processor 118 can point the foreoptics 104
of the wrradiance spectrometer 102 directly at the mirror
target (M) such that a reflection of the sun (S) from the
mirror target (M) 1s within the field of view of the 1rradiance
spectrometer 102. With the foreoptics 104 of the irradiance
spectrometer 102 pointed directly at the mirror target (M)
while the reflection of the sun (S) from the mirror target (M)
1s within the field of view of the irradiance spectrometer 102,
the system 100 can obtain a second 1rradiance measurement
with the irradiance spectrometer 102. In some examples,
obtaining the second irradiance measurement can include
taking the second 1rradiance measurement from a retlection
of the sky from the mirror target (M). The second 1rradiance
measurement can represent an irradiance from a retlection of
the sun (S) from the mirror target (M) plus background
irradiance from a reflection of the sky from the mirror target
(M).

The at least one processor 118 can remove the reflection
of the sun (S) from the field of view of the 1rradiance
spectrometer 102. For example, the mirror target (M) can be
rotated to move the 1mage of the sun (S) out of the field of
view of the foreoptlcs 104, or a light bafile can be moved 1n
front of the mirror target (M). Removing the sun (S) from the
field of view 1s discussed 1n detail below.

With the foreoptics 104 of the 1irradiance spectrometer 102
pointed directly at the mirror target (M) while the retlection
of the sun (S) 1s removed from the field of view of the
irradiance spectrometer 102, the system 100 can obtain a
third 1rradiance measurement with the 1irradiance spectrom-
cter 102. In some examples, obtaining the third 1rradiance
measurement can include taking the third irradiance mea-
surement from the reflection of the sky from the mirror
target (M). The third 1rradiance measurement can represent
the background irradiance from the reflection of the sky
from the mirror target (M).

The at least one processor 118 can determine a retlectance
of the mirror target (NI) from the first, second, and third
irradiance measurements. In some examples, the at least one
processor 118 can take the first, second, and third irradiance
measurements within a specified time frame, to reduce or
mimmize atmospheric efl

ects on the first, second, and third
irradiance measurements. The specified time frame can
include five seconds, ten seconds, twenty seconds, thirty
seconds, one minute, or any other suitable time frame.

To determine 1f the mirror target (M) 1s performing as
specified, the at least one processor 118 can compare the
determined reflectance to a specified reflectance threshold. If
the reflectance 1s at or above the threshold, the mirror target
(M) can be considered to be performing as specified, so that
the system 100 need not take any additional action. If the
reflectance 1s below the threshold, the mirror target (NI) can
be considered to be malfunctioning, such as due to soiling or
due to fading from sun exposure. The specified threshold can
include a single number, such as a percentage that 1is
integrated over a particular wavelength range, or a plurality
of values, such as a set of values that correspond to specified
wavelengths 1n a wavelength range.
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For the case ol a malfunctioning mirror target (M), the
system can send an alert signal to one or more systems, such
as through a network connection. Specifically, the at least
one processor 118 can determine that the reflectance of the
mirror target (M) 1s less than a specified reflectance thresh-
old. In response to the determination that that the reflectance
of the mirror target (M) 1s less than the specified reflectance
threshold, the at least one processor 118 can automatically
generate an alert signal. For example, the system 100 can
send the alert signal to a processor that monitors a commu-
nication or power-generation system, so that the communi-
cation or power-generation system can send a technician to
the mirror array (NI) to perform suitable repairs. The alert
signal can be an analog electrical signal, a digital signal, or
a combination of an analog signal and a digital signal. The
alert signal can be delivered by a wired electrical connec-
tion, a wireless connection, and/or an optical medium.

In some examples, the at least one processor 118 can
determine the reflectance of the mirror target (M) from the
first, second, and third irradiance measurements by calcu-
lating a difference between the second 1rradiance measure-
ment and the third 1irradiance measurement, and dividing the
difference by the first 1rradiance measurement.

In some examples, the at least one processor 118 can
determine the reflectance of the mirror target (M) by calcu-
lating a quantity according to the following Eq. (1):

4H* (Epip(H, d) — Ep(H, A)) (1)

pA) = 3 Eo D ,

where quantity A 1s a wavelength, quantity p(A) 1s a
reflectance of the mirror target as a function of wavelength,
quantity H 1s a distance from the 1rradiance spectrometer to
an 1mage of the sun as formed by the mirror target, quantity
R 1s a radius of curvature of the at least one curved mirror
in the mirror target, quantity E.(A) 1s the first 1rradiance
measurement, quantity. E_ . (H, A) 1s the second irradiance
measurement, and quantity E, (H, A) 1s the third 1rradiance
measurement. The Appendix derives Eq. (1) from radiomet-
ric principles.

FIG. 2 shows an example of a method 200 for monitoring,
a reflectance of a mirror target that includes at least one
curved mirror, 1n accordance with some embodiments. The
method 200 can be used with the system 100 shown 1n FIG.
1 under control of at least one processor 118, and can be used
with other systems. The method 200 1s but one example of
a method that can monitor reflectance; other suitable meth-
ods can also be used.

At operation 202, the system can obtain a first irradiance
measurement ol the sun. The first 1irradiance measurement
can represent a direct solar irradiance. In some examples, the
system 100 can take the first irradiance measurement of the
sun (S). In some examples, the system 100 can point
foreoptics 104 of an 1rradiance spectrometer 102 directly at
the sun (S) such that the sun (S) 1s within a field of view of
the 1rradiance spectrometer 102. In some examples, with the
foreoptics 104 of the irradiance spectrometer 102 pointed
directly at the sun (S) while the sun (S) 1s within the field of
view of the 1rradiance spectrometer 102, the system 100 can
take the first irradiance measurement with the irradiance
spectrometer 102.

At operation 204, the system can obtain a second 1rradi-
ance measurement that represents an 1irradiance from a
reflection of the sun (S) from the mirror target (M) plus
background irradiance. In some examples, the system 100
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can take the second 1rradiance measurement from a retlec-
tion of the sky, from the mirror target (M). In some
examples, the system 100 can point the foreoptics of the
irradiance spectrometer 102 directly at the mirror target (M)
such that a reflection of the sun (S) from the mirror target
(M) 1s within the field of view of the irradiance spectrometer
102. In some examples, with the foreoptics 104 of the
irradiance spectrometer 102 pointed directly at the mirror
target (M) while the reflection of the sun (S) from the mirror
target (M) 1s within the field of view of the irradiance
spectrometer 102, the system 100 can take the second

irradiance measurement with the wrradiance spectrometer
102.

At operation 206, the system can obtain a third irradiance
measurement that represents the background irradiance. In
some examples, the system 100 can take the third irradiance
measurement from the reflection of the sky from the mirror
target (M). In some examples, the system 100 can remove
the retlection of the sun (S) from the field of view of the
irradiance spectrometer 102. In some examples, with the
toreoptics 104 of the irradiance spectrometer 102 pointed
directly at the mirror target (M) while the reflection of the
sun (S) 1s removed from the field of view of the 1rradiance
spectrometer 102, the system 100 can take the third irradi-
ance measurement with the irradiance spectrometer 102. In
some examples, to remove the reflection of the sun (S) from
the field of view of the irradiance spectrometer 102, the
system 100 can rotate the mirror target (M) to reposition the
reflection of the sun (S) from the mirror target (M) to lie
outside the field of view of the 1irradiance spectrometer 102.
In some examples, to remove the reflection of the sun (S)
from the field of view of the irradiance spectrometer 102, the
system 100 can actuate a light baflle, proximate the mirror
target (M), 1nto an optical path between the mirror target (M)
and the foreoptics 104 of the irradiance spectrometer 102 to
block the retlection of the sun (S) from the field of view of
the irradiance spectrometer 102. Discussion below provides
additional details regarding how to remove the reflection of
the sun (S) from the field of view of the irradiance spec-
trometer 102. In some examples, the system 100 can take the
first, second, and third irradiance measurements within a
specified time frame, to reduce or minimize atmospheric
eflects on the first, second, and third irradiance measure-
ments.

At operation 208, the system can determine a reflectance
of the mirror target from the first, second, and third 1rradi-

ance measurements. In some examples, the system 100 can
calculate a diflerence between the second irradiance mea-
surement and the third irradiance measurement, and divide
the difference by the first irradiance measurement.

At operation 210, the system can determine that the
reflectance of the mirror target 1s less than a specified
reflectance threshold.

At operation 212, the system can, in response to the
determination that the reflectance of the mirror target 1s less
than the specified reflectance threshold, generate an alert
signal.

It 1s 1nstructive to consider several techniques that can be
used to TO remove the reflection of the sun from the field of
view of the irradiance spectrometer, so that the system can
obtain the third 1rradiance measurement with the irradiance
spectrometer.

In a first technique, the mirror target, or the mirrors 1n the
mirror target, can rotate to reposition the reflection of the sun
from the mirror target to lie outside the field of view of the
irradiance spectrometer. With the rotation being performed
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in this manner, the field of view of the 1rradiance spectrom-
eter includes only sky, which lies adjacent to the sun.

In a second technique, the system can physically block a
portion of the field of view of the 1rradiance spectrometer to
account for the effects of the sun in the irradiance measure-
ments. This second technique, also referred to as an extrapo-
lation technique, can apply to cases for which the mirror
target or mirrors 1n the mirror target are unable to rotate, and
other suitable cases.

FIG. 3 shows an example of extrapolation used to deter-
mine the background 1rradiance (e.g., the rradiance of the
sky away from the sun), 1n accordance with some examples.
The extrapolation used m FIG. 3 can be applied to systems,
such as the system 100 of FIG. 1, and methods, such as the
method 200 of FIG. 2.

In some examples, the system can actuate a light batile,
proximate the mirror target, into an optical path between the
mirror target and the foreoptics of the irradiance spectrom-
eter, to block the reflection of the sun from the field of view
of the wrradiance spectrometer.

More specifically, the system can actuate a light batlle to
block a first fraction of a mirror area of the mirror target such
that the reflection of the sun from the mirror target 1s blocked
from the field of view of the 1rradiance spectrometer. With
the foreoptics of the irradiance spectrometer pointed directly
at the mirror target while the first fraction of the mirror area
1s blocked, the system can take a fourth irradiance measure-
ment with the irradiance spectrometer. The system can
actuate a light baflle (either the same light baille as previ-
ously discussed or a different light batlle) to block a second
fraction, different from the first fraction, of the mirror area
of the mirror target such that the reflection of the sun from
the mirror target 1s blocked from the field of view of the
irradiance spectrometer. With the foreoptics of the irradiance
spectrometer pointed directly at the mirror target while the
second fraction of the mirror area 1s blocked, the system can
take a fifth wrradiance measurement with the irradiance
spectrometer. The at least one processor can extrapolate,
from the fourth and fifth irradiance measurements, to cal-
culate a sixth irradiance that represents a background irra-
diance from the reflection of the sky from the mirror target
plus all other sources alight within the field of view of the
irradiance spectrometer. This calculated sixth 1rradiance can
be used to form the third irradiance discussed above. In
some examples, one of the first fraction or the second
fraction can be 100%, which can correspond to a non-mirror
background bias (e.g., the other sources of light within the
fiecld of view of the irradiance spectrometer). In some
examples, the extrapolation can correspond to a fraction of
0%.

FIG. 3 shows an example of extrapolation used to deter-
mine the background irradiance; 1n accordance with some
embodiments. Data point 302 corresponds to the fourth
irradiance measurement, in which 100% of the mirror area
1s blocked by the light baille. Data point 304 corresponds to
the fifth rradiance measurement, 1n which a percentage
other than 100% of the mirror area 1s blocked by the light
bafile. Note that the percentage can be determined by the
particular application and the actual mirror or mirrors being
measured. In practice, the percentage can be as small as
possible; so as to give the most accurate result from the
extrapolation, while still blocking the sun from the field of
view of the rradiance spectrometer. In the example of FIG.
3, data point corresponds to about 16% of the mirror area
being blocked; other suitable values can also be used. Once
the data points 302 and 304 are plotted, the data points 302
and 304 can be connected by a line 306. The line 306 can be
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extended to a percentage value of 0%, which occurs at data
point 308. The iwrradiance value at data point 308 i1s the
extrapolated irradiance value, corresponding to the sixth
irradiance discussed above. This 1s but one example of
extrapolation being used to determine the background irra-
diance; other suitable techniques can also be used.

FIG. 4 shows a plot of an experimentally measured
reflectance spectrum, 1n accordance with some embodi-
ments. The mirror target included 55 identically shaped
mirrors positioned 1n a mirror array. The separation between
the irradiance spectrometer and the mirror array 1s 28.52
meters. The radius of curvature of each mirror 1s 0.377
meters. The processor has applied a smoothed spline inter-
polation to smooth the plotted curve for wavelength greater
than about 800 nm, to reduce noise in the plotted curve
caused by water absorption.

In the measured reflectance spectrum, the reflectance of
the mirror rises from about 80% at a wavelength of 380 nm
to about 83% a wavelength of around 400 nm, drops from
83% at a wavelength of around 350 nm to about 68% at a
wavelength around 830 nm, then rises to about 75% at a
wavelength around 1000 nm.

APPENDIX

This Appendix derives Eq. (1) from radiometric prin-
ciples.

From Eq. (2) below, the imntensity I (A) emanating from an
image of the sun, radiating from a focal point of a spherical

mirror, 1S expressed as:

L, (M=p(6,ME (MR*/4, (2)

where the intensity 1_(A) 1s 1n units of power per solid
angle (such as watts per steradian), quantity A 1s wavelength,
quantity 0, 1s an angle of icidence from the mirror with
respect to a surface normal of the mirror, quantity p(0_,A) 1s
a specular reflectance of the mirror at the angle of incidence,
quantity E_(A) 1s a solar irradiance at the mirror surface in
units of power per area per solid angle (such as watts per
square meter per steradian), and quantity R 1s a radius of
curvature of the mirror.

The dertvation assumes that the solar image 1s eflectively
a point source, and that propagation of light away from the
point source varies in accordance with an inverse square law.
Based on energy conservation for a point source illuminat-
ing a full sphere (e.g., illumination nto 4w steradians), an
irradiance E_(H, A), for any point within a field of view of
a sensor at a distance H away from the solar image, is
expressed as

Np(0; D Es(A)R* (3)

AH? ’

E,(H,A) =

where the 1rradiance E_ (H, A) 1s 1n units of power per area
(such as watts per square meter), and quantity N 1s a number
of 1dentical mirrors in the mirror target. As with Eq. (2),
quantity 0, 1s an angle of icidence from the mirror with
respect to a surface normal of the mirror, quantity p(0., A) 1s
a specular retlectance of the mirror at the angle of incidence,
quantity E_(A) 1s a solar irradiance at the mirror surface in
units of power per area per solid angle (such as watts per
square meter per steradian), and quantity R 1s a radius of
curvature ol the mirror.

Assuming that the sun 1s infinitely far away from the
mirror, 1t 1s straightforward to determine where the image of
the sun 1s located with respect to the mirror. For a radius of
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curvature R, a distance H to the image, and a distance D to
the surface (e.g., vertex) of the mirror, quantity H equals
quantity (D+R/2) for a convex mirror and equals quantity
(D-R/2) for a concave mirror.

The reflectance p(0,,A) of the mirror can be expressed as:

AH*E, (H, A) (4)

NEc(A)R?

p(6; A) =

where quantity H 1s a distance to the image of the sun,
quantity E_(H, A) 1s the 1irradiance of light reflected from the
mirror, quantity N 1s a number of identical mirrors 1n the
mirror target, quantity E_(A) 1s a solar irradiance at the
mirror surface, and quantity R 1s a radius of curvature of the
MmIrror.

The first irradiance measurement discussed above, which
measures an irradiance of the sun, involves pointing the
foreoptics directly at the sun. This first irradiance measure-
ment measures the quantity E _(A), which 1s a solar 1irradiance
at the mirror surface. It 1s assumed that the solar irradiance
does not vary over time, and does not vary between a
location of the foreoptics and a location of the mirror.

The second irradiance measurement discussed above,
which measures an irradiance from a reflection of the sun
from the mirror target plus background irradiance, involves
pointing the foreoptics ol the irradiance spectrometer
directly at the mirror target such that a reflection of the sun
from the mirror target 1s within the field of view of the
irradiance spectrometer. It 1s assumed that the first and
second 1rradiance measurement are taken over a short
enough time interval that the atmospheric transmittance
remains stable.

We wish to have a measurement of the 1rradiance from a
reflection of the sun from the mirror, but without the
background irradiance (e.g. from the sky plus other light
sources and/or reflection within the field of view of the
irradiance spectrometer). In some cases, such as when the
mirror target (or mirrors in the mirror target) are tiltable, it
1s possible to obtain a third 1rradiance measurement of just
the sky near the sun, without having the sun in the field of
view. This third irradiance measurement can measure the
background irradiance directly, so that 1t may be subtracted
from the second irradiance measurement (e.g., the 1rradiance
of the sun plus the background 1rradiance).

In other cases, such as when the mirror target (or mirrors
in the mirror target) are not tiltable or do not tilt far enough
to remove the sun from the field of view of the irradiance
spectrometer, determining the background irradiance E_ (H,
i) can require additional measurement steps.

Step 1, performed above, can measure the solar irradi-
ance.

Step 2 can measure the irradiance incident within the
spectrometer field of view, so that the response includes the
mirror target and the background signal E_ .. The steps that
follow can 1solate the direct solar contribution.

Step 3 covers 100% of the mirror area and measures a
resulting irradiance, E,(100%, A). This measurement con-
tamns everything i the field of view of the irradiance
spectrometer except the sun and the background sky
reflected by the mirrors.

Step 4 covers a known fractional area of the mirror(s),
such as with opaque strips, so that the virtual image of the
sun 1s blocked but a portion of the sky 1s not blocked. Step
4 then measures an 1rradiance of the portion of the sky. As
a numerical example, the opaque strips can cover 11.6% of
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the mirror area (although any suitable value can also be
used). Measurement with 11.6% of the mirror area blocked
can produce a resulting irradiance E,(11.6%, A).

Step 5 extrapolates from the measured i1rradiances
E,(100%, A) and E, (11.6%, A) to determine what an irra-
diance E,(0%, A) would be for a measurement of the full
mirror (e.g., unblocked) with just the sky contributing to the
irradiance. As explained above, such a measurement cannot
be taken directly, due to the presence of the sun and the
inability to reposition the image of the sun to be out of the
field of view of the rradiance spectrometer. The quantity
E, (0%, A) can be written as simply E,.

With quantities E, E__ ., and E, determined at each
wavelength A, the mirror reflectance, as a function of wave-

length, 1s expressed as:

ANH* E,(H,A) 4H* (E, »(H, A) — Ey(H, 1))

PV=— T - R E<(L)

()

Although the inventive concept has been described in
detail for the purpose of illustration based on various
embodiments, 1t 1s to be understood that such detail 1s solely
for that purpose and that the inventive concept 1s not limited
to the disclosed embodiments, but, on the contrary, i1s
intended to cover modifications and equivalent arrange-
ments that are within the spirit and scope of the appended
claims. For example, 1t 1s to be understood that the present
disclosure contemplates that, to the extent possible, one or
more features of any embodiment can be combined with one
or more features of any other embodiment.

Furthermore, since numerous modifications and changes
will readily occur to those with skill in the art, 1t 1s not
desired to limit the inventive concept to the exact construc-
tion and operation described herein. Accordingly, all suitable
modifications and equivalents should be considered as fall-
ing within the spirit and scope of the present disclosure.

STATEMENT OF INDUSTRIAL
APPLICABILITY

This disclosure has application 1n equipment mainte-
nance, particularly determining that a mirror and/or a mirror
array 1s functioning properly.

EXAMPLES

To further illustrate the device and related method dis-
closed herein, a non-limiting list of examples 1s provided
below. Each of the following non-limiting examples can
stand on 1ts own, or can be combined 1n any permutation or
combination with any one or more of the other examples.

In Example 1, a method for monitoring a retlectance of a
mirror target that includes at least one curved mirror can
include: obtaining a first irrradiance measurement of the sun,
the first wrradiance measurement representing a direct solar
irradiance; obtaining a second 1rradiance measurement that
represents an wrradiance from a reflection of the sun from the
mirror target plus background irradiance; obtaining a third
irradiance measurement that represents the background irra-
diance; determining a retlectance of the mirror target from
the first, second, and third irradiance measurements; deter-
mimng that the retlectance of the mirror target 1s less than a
specified reflectance threshold; and in response to the deter-
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mination that the reflectance of the mirror target 1s less than
the specified reflectance threshold, generating an alert sig-
nal.

In Example 2, the method of Example 1 can optionally be
configured such that obtaining the first irradiance measure-
ment comprises taking the first irradiance measurement of
the sun; obtaining the second 1rradiance measurement com-
prises taking the second irradiance measurement from a
reflection of the sky from the mirror target; and obtaining the
third 1rradiance measurement comprises taking the third
irradiance measurement ifrom the reflection of the sky from
the mirror target.

In Example 3, the method of any one of Examples 1-2 can
optionally be configured such that the first, second, and third
irradiance measurements are taken within a specified time
frame, to reduce or minimize atmospheric eflects on the first;
second, and third 1rradiance measurements.

In Example 4, the method of any one of Examples 1-3 can
optionally be configured such that taking the first irradiance
measurement comprises: pointing foreoptics of an irradiance
spectrometer directly at the sun such that the sun 1s within
a field of view of the irradiance spectrometer; and with the
foreoptics of the irradiance spectrometer pointed directly at
the sun while the sun 1s within the field of view of the
irradiance spectrometer, taking the first irradiance measure-
ment with the irradiance spectrometer.

In Example 5, the method of any one of Examples 1-4 can
optionally be configured such that taking the second irradi-
ance measurement comprises: pointing the foreoptics of the
irradiance spectrometer directly at the mirror target such that
a reflection of the sun from the mirror target 1s within the
field of view of the irradiance spectrometer; and with the
foreoptics of the wrradiance spectrometer pointed directly at
the mirror target while the reflection of the sun from the
mirror target 1s within the field of view of the irradiance
spectrometer, taking the second irradiance measurement
with the 1rradiance spectrometer.

In Example 6, the method of any one of Examples 1-5 can
optionally be configured such that taking the third irradiance
measurement comprises: removing the reflection of the sun
from the field of view of the 1rradiance spectrometer; and
with the foreoptics of the irradiance spectrometer pointed
directly at the mirror target while the reflection of the sun 1s
removed from the field of view of the 1rradiance spectrom-
cter, taking the third 1irradiance measurement with the irra-
diance spectrometer.

In Example 7, the method of any one of Examples 1-6 can
optionally be configured such that removing the reflection of
the sun from the field of view of the 1rradiance spectrometer
comprises: rotating the mirror target to reposition the retlec-
tion of the sun from the mirror target to lie outside the field
of view of the wrradiance spectrometer.

In Example 8, the method of any one of Examples 1-7 can
optionally be configured such that removing the reflection of
the sun from the field of view of the 1rradiance spectrometer
comprises: actuating a light bafile, proximate the mirror
target; into an optical path between the mirror target and the
foreoptics of the 1rradiance spectrometer to block the retlec-
tion of the sun from the field of view of the irradiance
spectrometer.

In Example 9, the method of any one of Examples 1-8 can
optionally be configured such that removing the reflection of
the sun from the field of view of the 1rradiance spectrometer
comprises: actuating a light baflle to block a first fraction of
a mirror area ol the mirror target such that the reflection of
the sun from the mirror target 1s blocked from the field of
view of the irradiance spectrometer; with the foreoptics of
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the irradiance spectrometer pointed directly at the mirror
target while the first fraction of the mirror area 1s blocked,
taking a fourth 1rradiance measurement with the irradiance
spectrometer; actuating a light batile to block a second
fraction, diferent {from the first fraction, of the mirror area
of the mirror target such that the retlection of the sun from
the mirror target 1s blocked from the field of view of the
irradiance spectrometer; with the foreoptics of the irradiance

spectrometer pointed directly at the mirror target while the
second fraction of the mirror area 1s blocked, taking a fifth
irradiance measurement with the irradiance spectrometer;
extrapolating, with at least one processor, from the fourth
and fifth irradiance measurements, to calculate a sixth 1irra-
diance that represents a background irradiance from the
reflection of the sky from the mirror target and from non-
mirror light sources 1n the field of view of the irradiance
spectrometer.

In Example 10, the method of any one of Examples 1-9
can optionally be configured such that one of the first
fraction or the second fraction 1s 100%; and the extrapola-
tion corresponds to a fraction of 0%.

In Example 11, the method of any one of Examples 1-10
can optionally be configured such that determining the
reflectance of the mirror target from the first, second, and
third 1rradiance measurements comprises: calculating a dii-
terence between the second 1rradiance measurement and the
third 1rradiance measurement; and dividing the difference by
the first irradiance measurement.

In Example 12, the method of any one of Examples 1-11
can optionally be configured such that determining the
reflectance of the mirror target comprises calculating, with at
least one processor, a quantity

1) — 4H2 (Em—l—b(Ha fl) _Eb(H" fl))
P = T Eg(A)

where: quantity A 1s a wavelength, quantity p(A) 1s a
reflectance of the mirror target as a function of wavelength,
quantity H 1s a distance from the irradiance spectrometer to
an 1mage of the sun as formed by the mirror target, quantity
R 1s a radius of curvature of the at least one curved mirror
in the mirror target, quantity E. (A) 1s the first irradiance
measurement, quantity E_ . (H, A) 1s the second irradiance
measurement, and quantity E, (H, A) 1s the third irradiance
measurement.

In Example 13, a system to measure a reflectance of a
mirror target that includes at least one curved mirror can
include: an 1rradiance spectrometer; a spectrometer actuator
configured to control an orientation of the irradiance spec-
trometer; at least one processor to control the irradiance
spectrometer and the spectrometer actuator, the at least one
processor configured to: point foreoptics of the irradiance
spectrometer directly at the sun such that the sun 1s within
a field of view of the irradiance spectrometer; with the
foreoptics of the wirradiance spectrometer pointed directly at
the sun while the sun 1s within the field of view of the
irradiance spectrometer, obtain a first 1irradiance measure-
ment with the irradiance spectrometer; point the foreoptics
of the wrradiance spectrometer directly at the mirror target
such that a reflection of the sun from the mirror target 1s
within the field of view of the irradiance spectrometer; with
the foreoptics of the irradiance spectrometer pointed directly
at the mirror target while the retlection of the sun from the
mirror target 1s within the field of view of the irradiance
spectrometer, obtain a second irradiance measurement with
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the wrradiance spectrometer; removing the reflection of the
sun from the field of view of the irradiance spectrometer;
with the foreoptics of the irradiance spectrometer pointed
directly at the mirror target while the reflection of the sun 1s
removed from the field of view of the 1rradiance spectrom-
eter, obtain a third irradiance measurement with the irradi-
ance spectrometer; and determine a reflectance of the mirror
target from the first, second, and third 1irradiance measure-
ments.

In Example 14, the system of Example 13 can optionally
be configured such that obtaining the first 1rradiance mea-
surement comprises taking the first irradiance measurement
of the sun; obtaining the second irradiance measurement
comprises taking the second irradiance measurement from a
reflection of the sky from the mirror target; and obtaining the
third 1rradiance measurement comprises taking the third
irradiance measurement from the reflection of the sky from
the mirror target.

In Example 135, the system of any one of Examples 13-14
can optionally be configured such that the at least one
processor 1s further configured to take the first, second, and
third 1rradiance measurements within a specified time frame,
to reduce or mimimize atmospheric eflects on the first,
second, and third irradiance measurements.

In Example 16, the system of any one of Examples 13-15
can optionally be configured such that the at least one
processor 1s Turther configured to: determine that the reflec-
tance of the mirror target 1s less than a specified retlectance

threshold; and 1n response to the determination that that the
reflectance of the mirror target 1s less than the specified
reflectance threshold, automatically generate an alert signal.

In Example 17, the system of any one of Examples 13-16
can optionally be configured such that the first irradiance
measurement represents a direct solar irradiance; the second
irradiance measurement represents an irradiance from a
reflection of the sun from the mirror target plus background
irradiance from a reflection of the sky from the mirror target;
and the third irradiance measurement represents the back-
ground 1rradiance from the reflection of the sky from the
mirror target.

In Example 18, the system of any one of Examples 13-17
can optionally be configured such that determining the
reflectance of the mirror target from the first, second, and
third 1rradiance measurements comprises: calculating a dif-
terence between the second 1rradiance measurement and the
third 1rradiance measurement; and dividing the difference by
the first irradiance measurement.

In Example 19, the system of any one of Examples 13-18
can optionally be configured such that the at least one
processor 1s further configured to determine the reflectance
by calculating a quantity

N 4H* (Epyp(H, L) — Ey(H, A))
plA) = R? Eg(A)

where: quantity A 1s a wavelength, quantity p(A) 1s a
reflectance of the mirror target as a function of wavelength,
quantity H 1s a distance from the 1rradiance spectrometer to
an 1mage of the sun as formed by the mirror target, quantity
R 1s a radius of curvature of the at least one curved mirror
in the mirror target, quantity E.(A) 1s the first mrradiance
measurement; quantity E__ . (H, A) 1s the second irradiance
measurement, and quantity E,(H, A) 1s the third irradiance
measurement.
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In Example 20, a method for measuring a reflectance of
a mirror target that includes at least one curved mirror can
include: pointing foreoptics of an irradiance spectrometer
directly at the sun such that the sun 1s within a field of view
of the 1rradiance spectrometer; with the foreoptics of the
irradiance spectrometer pointed directly at the sun while the
sun 1s within the field of view of the 1rradiance spectrometer,
taking a first 1rradiance measurement with the irradiance
spectrometer, the first irradiance measurement representing
a direct solar irradiance; pointing the foreoptics of the
irradiance spectrometer directly at the mirror target such that
a reflection of the sun from the mirror target 1s within the
field of view of the irradiance spectrometer; with the fore-
optics of the irradiance spectrometer pointed directly at the
mirror target while the reflection of the sun from the mirror
target 1s within the field of view of the irradiance spectrom-
cter, taking a second 1rradiance measurement with the irra-
diance spectrometer, the second irradiance measurement
representing an irradiance from a reflection of the sun from
the mirror target plus background irradiance from a reflec-
tion of the sky from the mirror target; removing the reflec-
tion of the sun from the field of view of the irradiance
spectrometer; with the foreoptics of the 1rradiance spectrom-
cter pointed directly at the mirror target while the retlection
of the sun 1s removed from the field of view of the 1rradiance
spectrometer, taking a third 1rradiance measurement with the
irradiance spectrometer, the third irradiance measurement
representing the background irradiance from the retlection
of the sky from the mirror target; and determining, with at
least one processor coupled to the irradiance spectrometer, a
reflectance of the mirror target from the first, second, and
third 1rradiance measurements; determining, with the at least
one processor, that the retlectance of the mirror target 1s less
than a specified reflectance threshold; and 1n response to the
determination that the reflectance of the mirror target 1s less
than the specified retlectance threshold, automatically gen-
erating an alert signal.

What 1s claimed 1s:

1. A method for monitoring a retlectance of a mirror target
that includes at least one curved mirror, the method com-
prising;:

obtaining a first 1rradiance measurement of the sun, the

first irradiance measurement representing a direct solar
irradiance;

obtaining a second irradiance measurement that repre-

sents an 1rradiance from a retlection of the sun from the
mirror target plus background irradiance;

obtaining a third irradiance measurement that represents

the background 1rradiance;

determining a reflectance of the mirror target from the

first, second, and third irradiance measurements;
determining that the reflectance of the mirror target is less
than a specified reflectance threshold; and

in response to the determination that the reflectance of the

mirror target 1s less than the specified reflectance
threshold, generating an alert signal.

2. The method of claim 1, wherein:

obtaining the first irradiance measurement comprises tak-

ing the first irradiance measurement of the sun;
obtaining the second irradiance measurement comprises
taking the second irradiance measurement from a
reflection of the sky from the mirror target; and
obtaining the third wrradiance measurement comprises
taking the third irradiance measurement from the
reflection of the sky from the mirror target.

3. The method of claim 2, wherein the first, second, and

third 1irradiance measurements are taken within a specified
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time frame, to reduce or minimize atmospheric effects on the
first, second, and third irradiance measurements.

4. The method of claim 2, wherein taking the first irra-
diance measurement comprises:

pointing foreoptics of an irradiance spectrometer directly

at the sun such that the sun 1s within a field of view of
the rradiance spectrometer; and

with the foreoptics of the irradiance spectrometer pointed

directly at the sun while the sun 1s within the field of
view ol the irradiance spectrometer, taking the first
irradiance measurement with the irradiance spectrom-
eter.

5. The method of claim 4, wherein taking the second
irradiance measurement comprises:

pointing the foreoptics of the irradiance spectrometer

directly at the mirror target such that a reflection of the
sun from the mirror target 1s within the field of view of
the 1rradiance spectrometer; and

with the foreoptics of the irradiance spectrometer pointed

directly at the mirror target while the reflection of the
sun from the mirror target 1s within the field of view of
the rradiance spectrometer, taking the second 1rradi-
ance measurement with the irradiance spectrometer.

6. The method of claam 5, wherein taking the third
irradiance measurement cComprises:

removing the retlection of the sun from the field of view

of the wrradiance spectrometer; and

with the foreoptics of the irradiance spectrometer pointed

directly at the mirror target while the reflection of the
sun 1s removed from the field of view of the 1rradiance
spectrometer, taking the third 1rradiance measurement
with the irradiance spectrometer.

7. The method of claim 6, wherein removing the reflection
of the sun from the field of view of the 1rradiance spectrom-
eter comprises:

rotating the mirror target to reposition the reflection of the

sun from the mirror target to lie outside the field of
view of the rradiance spectrometer.

8. The method of claim 7, wherein removing the reflection
of the sun from the field of view of the 1rradiance spectrom-
eter comprises:

actuating a light bafile, proximate the mirror target, into

an optical path between the mirror target and the
foreoptics of the irradiance spectrometer to block the
reflection of the sun from the field of view of the
irradiance spectrometer.

9. The method of claim 6, wherein removing the reflection
of the sun from the field of view of the 1rradiance spectrom-
eter comprises:

actuating a light batlle to block a first fraction of a mirror

area of the mirror target such that the reflection of the
sun from the mirror target 1s blocked from the field of
view ol the wrradiance spectrometer;

with the foreoptics of the irradiance spectrometer pointed

directly at the mirror target while the first fraction of the
mirror area 1s blocked, taking a fourth irradiance mea-
surement with the irradiance spectrometer;

actuating a light batlle to block a second fraction, different

from the first fraction, of the mirror area of the mirror
target such that the reflection of the sun from the mirror
target 1s blocked from the field of view of the irradiance
spectrometer;

with the foreoptics of the 1irradiance spectrometer pointed

directly at the mirror target while the second fraction of
the mirror area 1s blocked, taking a fifth irradiance
measurement with the irradiance spectrometer; and

"y

.
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extrapolating, with at least one processor, from the fourth
and fifth irradiance measurements, to calculate a sixth
irradiance that represents a background 1rradiance from
the retlection of the sky from the mirror target and from
non-mirror light sources in the field of view of the
irradiance spectrometer.

10. The method of claim 9, wherein:

one of the first fraction or the second fraction 1s 100%:

and

the extrapolation corresponds to a fraction of 0%.

11. The method of claim 1, wherein determining the
reflectance of the mirror target from the first, second, and
third 1irradiance measurements comprises:

calculating a difference between the second irradiance

measurement and the third irradiance measurement:;
and

dividing the difference by the first 1irradiance measure-

ment.

12. The method of claim 11, wherein determining the
reflectance of the mirror target comprises calculating, with at
least one processor; a quantity

4H? (Epyp(H, A) = Ey(H, A))
R? Eg(A)

P(A) =

where:
quantity A 1s a wavelength,
quantity p(A) 1s a reflectance of the mirror target as a
function of wavelength,
quantity H 1s a distance from the irradiance spectrometer
to an 1mage of the sun as formed by the mirror target;
quantity R 1s a radius of curvature of the at least one

curved mirror in the mirror target,
quantity EJ(A) 1s the first irradiance measurement,
quantity E__ . (H, A) 1s the second 1rradiance measure-
ment, and
quantity E, (H, A) 1s the third 1rradiance measurement.
13. A system to measure a reflectance of a mirror target
that includes at least one curved mirror, the system com-
prising;:
an 1rradiance spectrometer;
a spectrometer actuator configured to control an orienta-
tion of the 1rradiance spectrometer;
at least one processor to control the 1rradiance spectrom-
cter and the spectrometer actuator, the at least one
processor configured to:
point foreoptics of the 1rradiance spectrometer directly
at the sun such that the sun 1s within a field of view
of the irradiance spectrometer;
with the foreoptics of the 1rradiance spectrometer
pointed directly at the sun while the sun 1s within the
field of view of the 1rradiance spectrometer, obtain a
first 1rradiance measurement with the irradiance
spectrometer;
pomnt the foreoptics of the wrradiance spectrometer
directly at the mirror target such that a retlection of
the sun from the mirror target 1s within the field of
view of the irradiance spectrometer;
with the foreoptics of the irradiance spectrometer
pointed directly at the mirror target while the retlec-
tion of the sun from the mirror target 1s within the
field of view of the 1irradiance spectrometer, obtain a
second irradiance measurement with the irradiance
spectrometer:
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removing the reflection of the sun from the field of view
of the wrradiance spectrometer;

with the foreoptics of the irradiance spectrometer
pointed directly at the mirror target while the reflec-
tion of the sun 1s removed from the field of view of
the irradiance spectrometer, obtain a third irradiance
measurement with the 1irradiance spectrometer; and

determine a reflectance of the mirror target from the
first, second, and third irradiance measurements.

14. The system of claim 13, wherein:

obtaining the first irradiance measurement comprises tak-

ing the first irradiance measurement of the sun;
obtaining the second irradiance measurement comprises
taking the second irradiance measurement from a
reflection of the sky from the mirror target; and
obtaining the third irradiance measurement comprises
taking the third irradiance measurement from the
reflection of the sky from the mirror target.

15. The system of claim 14, wherein the at least one
processor 1s further configured to take the first, second, and
third 1rradiance measurements within a specified time frame,
to reduce or mimmize atmospheric eflects on the first,
second, and third irradiance measurements.

16. The system of claim 14, wherein the at least one
processor 1s further configured to:

determine that the reflectance of the mirror target is less

than a specified retlectance threshold; and

in response to the determination that that the reflectance

of the mirror target 1s less than the specified reflectance
threshold, automatically generate an alert signal.

17. The system of claim 14, wherein:

the first irradiance measurement represents a direct solar

irradiance;

the second 1rradiance measurement represents an 1rradi-

ance from a reflection of the sun from the mirror target
plus background irradiance from a reflection of the sky
from the mirror target; and

the third irradiance measurement represents the back-

ground irradiance from the reflection of the sky from
the mirror target.

18. The system of claim 13, wherein determining the
reflectance of the mirror target from the first, second, and
third 1irradiance measurements comprises:

calculating a difference between the second iwrradiance
measurement and the third irradiance measurement:
and
dividing the difference by the first irradiance measure-
ment.
19. The system of claim 18, wherein the at least one
processor 1s further configured to determine the reflectance
by calculating a quantity

N 4H* (Epyp(H, L) — Ey(H, A))
plA) = R? Eg(A)

where:

quantity A 1s a wavelength,

quantity p(A) 1s a retlectance of the mirror target as a
function of wavelength,

quantity H 1s a distance from the irradiance spectrometer
to an 1mage of the sun as formed by the mirror target,

quantity R 1s a radius of curvature of the at least one
curved mirror in the mirror target,

quantity E(A) 1s the first irradiance measurement,
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quantity E_ . (H, A) 1s the second irradiance measure-

ment, and

quantity E,(H, A) 1s the third 1rradiance measurement.

20. A method for measuring a reflectance of a mirror
target that includes at least one curved mirror, the method 5
comprising;

pointing foreoptics of an 1rradiance spectrometer directly

at the sun such that the sun 1s within a field of view of
the 1irradiance spectrometer;
with the foreoptics of the irradiance spectrometer pointed 10
directly at the sun while the sun 1s within the field of
view of the wrradiance spectrometer, taking a first
irradiance measurement with the mrradiance spectrom-
cter, the first 1irradiance measurement representing a
direct solar irradiance:; 15

pointing the foreoptics of the irradiance spectrometer
directly at the mirror target such that a reflection of the
sun from the mirror target 1s within the field of view of
the 1rradiance spectrometer;

with the foreoptics of the irradiance spectrometer pointed 20

directly at the mirror target while the retlection of the
sun from the mirror target 1s within the field of view of
the 1irradiance spectrometer, taking a second irradiance
measurement with the 1rradiance spectrometer, the sec-
ond irradiance measurement representing an irradiance

20

from a reflection of the sun from the mirror target plus
background irradiance from a retlection of the sky from
the mirror target;

removing the retlection of the sun from the field of view
of the wrradiance spectrometer;

with the foreoptics of the 1irradiance spectrometer pointed
directly at the mirror target while the reflection of the
sun 1s removed from the field of view of the 1wrradiance
spectrometer, taking a third mrradiance measurement
with the wrradiance spectrometer, the third rradiance
measurement representing the background irradiance
from the reflection of the sky from the mirror target;

and

determiming, with at least one processor coupled to the
irradiance spectrometer, a reflectance of the mirror
target from the first, second, and third irradiance mea-
surcments;

determiming, with the at least one processor, that the
reflectance of the mirror target 1s less than a specified
reflectance threshold; and

in response to the determination that the reflectance of the
mirror target 1s less than the specified reflectance
threshold, automatically generating an alert signal.

G o e = x
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